Introduction
============

Several glomerular diseases, including focal segmental glomerulosclerosis (FSGS) variants, immunoglobulin A (IgA)nephropathy and lupus nephritis are associated with mesangial cell proliferation and expansion ([@b1-mmr-11-02-0910]). Thus, immunosuppressive agents that have an inhibitory effect on mesangial cell expansion and proliferation are of considerable interest. Patients with glomerulonephritis involving mesangial proliferation are often treated with agents including corticosteroids, calcineurin-inhibitors, cyclophosphamide (CyA) and anti-metabolites such as mycophenolic acid (MMF). These agents have narrow therapeutic windows and serious side-effects ([@b2-mmr-11-02-0910],[@b3-mmr-11-02-0910]). Combination and sequential therapy using various immunosuppressive agents have been used to successfully treat kidney transplant recipients and myelogenous leukemia patients ([@b4-mmr-11-02-0910]--[@b6-mmr-11-02-0910]). Therefore, it was hypothesized that a complementary or sequential immunosuppressant treatment strategy may be capable of effectively suppressing human mesangial cell proliferation. The aim of the present study was to acquire more information regarding the effects of these immunosuppressive agents on the cell cycle progression of human mesangial cells and to investigate whether a combination of these agents may result in a more effective suppression of mesangial cell proliferation.

Inflammation or cell injury triggers mesangial cell proliferation, which causes activation and progression of the cell cycle. Interfering with processes at any stage of the cell cycle can arrest proliferation or promote apoptosis ([@b7-mmr-11-02-0910]). Drugs commonly used to treat glomerulonephritis include tacrolimus (Tac), cyclosporine A (CsA), methylprednisone (MP) and MMF. Several studies have demonstrated that these agents can inhibit the proliferation of mesangial cells and may therefore be effectively used to treat glomerular disease ([@b1-mmr-11-02-0910],[@b8-mmr-11-02-0910]--[@b11-mmr-11-02-0910]). However, a detailed explanation regarding the effect that these drugs exert on the human mesangial cell cycle is lacking. Knowledge of the mechanism of the effects of these drugs on the cell cycle is of potential use in disease monitoring and treatment of glomerular disorders. The present study investigated how each of these agents influenced the proliferation, apoptosis and cell cycle progression of human mesangial cells using a dose-escalation and sequential approach.

Materials and methods
=====================

Cell cultures
-------------

A human mesangial cell line T-SV40, provided by Dr Li Xuewang at Peking Union Medical College Hospital (Beijing, China) ([@b12-mmr-11-02-0910],[@b13-mmr-11-02-0910]), was cultured at 37°C in a humidified 5% CO~2~ atmosphere with RPMI-1640 medium (Sigma, St. Louis, MO, USA) containing 10% fetal calf serum (FCS; Sijiqing Biological Engineering Materials Co., Ltd., Hangzhou, China). Prior to stimulating proliferation, 60%-confluent cells were starved in serum-free medium for 24 h and then treated with medium containing 10% FCS and various immunosuppressive agents. Cells were used at passage 17 and no mycoplasmic infection was detected.

MTT assay
---------

Human mesangial cells were seeded at a density of 1×10^5^/ml into 96-well plates for 24 h. Each plate contained three wells of each experimental condition and three control wells. Following treatment with various immunosuppressive agents for 24, 48 or 72 h, cells were incubated with MTT (0.5%, Sigma) for 4 h at 37°C. The medium was subsequently removed and 150 μl dimethyl sulfoxide (Sigma-Aldrich, Beijing, China) was added to each well prior to measuring the absorbance (490 nm, model 550, Bio-Rad, Hercules, CA, USA).

Cell cycle analysis
-------------------

Cell cycle progression was assessed by flow cytometry (FCM). Human mesangial cells were seeded at a density of \~1×10^5^/ml in six-well plates for 24 h prior to the addition of various immunosuppressive agents, including TAC, CsA, MP and MMF (all Sigma-Aldrich) for 24, 48 or 72 h. Cells were collected, fixed in 1% methanol-free formaldehyde (Sigma-Aldrich) for 20 min and suspended in 70% ethanol solution to dehydrate for 24 h at −20°C. Cells were washed with phosphate-buffered saline (PBS; Sigma-Aldrich) and incubated in PBS containing RNAse for 10 min at room temperature. Finally, 200 μl propidium iodide solution was added to each well for 10 min on ice to stain the nuclei. Samples were immediately examined by FCM using a FACstar Plus cytometer (Becton-Dickinson, Mountain View, CA, USA) and the results analyzed by Cell Quest software (Becton-Dickinson). Each experiment was performed three times, and the ratio of cells in the G~0~/G~1~, S and G~2~/M phases was determined and expressed as the mean ± standard deviation (SD).

Cell apoptosis analysis
-----------------------

Apoptotic cells were detected by FCM. Human mesangial cells were seeded at a density of \~1×10^5^/ml in six-well plates for 24 h. Following administration of various immunosuppressive agents for 24, 48 or 72 h, cells were collected, washed with PBS and adjusted to a density of \~1×10^6^/ml with PBS. 100 μl cell suspension was transferred into tubes containing 5 μl Annexin V/fluorescein isothiocyanate (Life Technologies, Grand Island, NY, USA) and 10 μl propidium iodide solution. The cells were fixed for 15 min in the dark. Finally, 400 μl PBS was added to each tube and the contents immediately analyzed with the flow cytometer (Becton-Dickinson) to detect apoptosis.

Statistical analysis
--------------------

All experiments were repeated three times and results were presented as the mean ± SD. The treatment effects were analyzed by one-way analysis of variance using Sigma stat 3.5 (Systat Software, San Jose, CA, USA) to test differences amongst the groups. P\<0.05 was considered to indicate a statistically significant difference between values.

Results
=======

Tacrolimus
----------

The effects of Tac on the cell cycle of human mesangial cells were examined, firstly by treating human mesangial cells with Tac (1--5 μmol/l) and assessing their proliferation by an MTT assay. Cellular proliferation was significantly decreased following Tac treatment. This inhibitory effect occurred in a dose- and time-dependent manner ([Fig. 1A](#f1-mmr-11-02-0910){ref-type="fig"}). The effects of Tac on cell cycle progression were then examined ([Fig. 1B--D](#f1-mmr-11-02-0910){ref-type="fig"}). Upon exposure to 5 μmol/l Tac for 48 h, the percentage of cells in the S phase decreased by 41%, while the percentage of cells in G~0~/G~1~ phase increased by 30%. These results indicated that Tac prevented the progression of human mesangial cells into S phase ([Fig. 1E](#f1-mmr-11-02-0910){ref-type="fig"}). The effects of Tac on apoptosis of human mesangial cells were also examined. Tac (at 1 and 5 μmol/l) did not significantly alter the apoptotic rate of human mesangial cells following 48 h of treatment ([Fig. 1F](#f1-mmr-11-02-0910){ref-type="fig"}).

Cyclosporine A
--------------

As in the case of Tac, when human mesangial cells were exposed to CsA (1 and 5 μmol/l) in a dose- and time-dependent manner, cellular proliferation was inhibited ([Fig. 2A](#f2-mmr-11-02-0910){ref-type="fig"}). Following 48 h of exposure to CsA (1 and 5 μmol/l), the percentage of cells in S phase was significantly decreased and there was a significant increase in the percentage of cells in the G~0~/G~1~ phase ([Fig. 2B--D](#f2-mmr-11-02-0910){ref-type="fig"}). This indicated that CsA arrested human mesangial cells prior to their entry into S phase ([Fig. 2E](#f2-mmr-11-02-0910){ref-type="fig"}). Finally, the effects of CsA on apoptosis of human mesangial cells were assessed. When cells were exposed to CsA (1 and 5 μmol/l) for 48 h, the percentage of apoptotic cells significantly increased in a dose-dependent manner ([Fig. 2F](#f2-mmr-11-02-0910){ref-type="fig"}).

Methylprednisolone
------------------

The influence of MP on human mesangial cell growth has not previously been studied, to the best of our knowledge. At concentrations of 1 and 10 mg/l, MP inhibited the proliferation of human mesangial cells in a dose- and time-dependent manner ([Fig. 3A](#f3-mmr-11-02-0910){ref-type="fig"}). It was also determined that at concentrations of 1 and 10 mg/l, MP significantly decreased the percentage of cells in S phase, while increasing the percentage of cells in G~0~/G~1~ phase ([Fig. 3B--E](#f3-mmr-11-02-0910){ref-type="fig"}). Similarly to CsA, MP (1--10 mg/l) significantly increased the apoptotic rate in human mesangial cells following 48 h of treatment ([Fig. 3F](#f3-mmr-11-02-0910){ref-type="fig"}).

Mycophenolic acid
-----------------

The present study investigated how MMF influenced the proliferation of human mesangial cells and found that 0.25--10 μmol/l MMF significantly inhibited the proliferation of human mesangial cells following 24, 48 or 72 h of treatment ([Fig. 4A](#f4-mmr-11-02-0910){ref-type="fig"}). MMF also significantly suppressed the entry of cells into G~2~/M phase, causing cell cycle arrest in the S phase ([Fig. 4B--E](#f4-mmr-11-02-0910){ref-type="fig"}). As shown in [Fig. 4F](#f4-mmr-11-02-0910){ref-type="fig"}, there was a significant increase in the early apoptotic rate of human mesangial cells that were treated for 48 h with MMF.

Immunosuppressants inhibit proliferation and cell cycle progression of human mesangial cells
--------------------------------------------------------------------------------------------

The effects of Tac, CsA, MP and MMF on human mesangial cell cycle progression are summarized in [Fig. 5A](#f5-mmr-11-02-0910){ref-type="fig"}. Since MMF is often used with adjunctive immunosuppressants, human mesangial cells were treated with 2.5 mmol/l MMF in order to block cells in the S phase from entering into G~2~/M phase and 1 mg/l MP to block cells progressing from G~0~ phase to S phase. This combination of drugs inhibited the proliferation of mesangial cells more efficiently than each drug separately ([Fig. 5B](#f5-mmr-11-02-0910){ref-type="fig"}). This combination also interfered with the progression of mesangial cells in the G~0~/G~1~ and S phase ([Fig. 5C](#f5-mmr-11-02-0910){ref-type="fig"}).

Discussion
==========

Mesangial cells serve a number of functions in the renal glomerulus, including structural support of the capillary tuft, modulation of glomerular hemodynamics and phagocytic removal of macromolecules and immune complexes. These cells also have complex interactions with infiltrating inflammatory cells, responding and contributing to the amplification of inflammation, fibrosis and the development of glomerulosclerosis ([@b14-mmr-11-02-0910]). The proliferation of mesangial cells is a common pathological feature of glomerular diseases, including IgA nephropathy and lupus nephritis ([@b11-mmr-11-02-0910]). For these reasons, numerous studies have investigated the contribution of mesangial cells to the development of glomerulosclerosis ([@b15-mmr-11-02-0910]). However, these studies have concentrated on cultured cells or animal models of glomerular injury and there have been few studies of human mesangial cells. Specific targeting of mesangial cell proliferation may more effectively retard the progress of glomerular disease.

In mouse renal tubular epithelial cells, CsA caused cell cycle arrest in the G~0~/G~1~ phase and inhibited DNA synthesis ([@b16-mmr-11-02-0910]). These results are similar to those the present study obtained on human mesangial cells. Compared to Tac, CsA caused a marked increase in apoptosis in human mesangial cells. This response may be linked to the activation of pre-apoptotic pathways or to the release of cytochrome c into the cytosol ([@b17-mmr-11-02-0910]--[@b20-mmr-11-02-0910]).

The present study found that similarly to Tac and CsA, MP caused mesangial cell cycle arrest in the G~0~/G~1~ phase and prevented cells from entering the S phase. This is in agreement with a study by Bladh *et al* ([@b21-mmr-11-02-0910]), who reported that glucocorticoids can decrease the percentage of cells in S/G~2~/M phase and impair the proliferation of human embryonic kidney 293 cells by suppressing nuclear factor κ-light-chain-enhancer of activated B-cell activity. Glucocorticoids exert an antiproliferative effect in numerous cell types ([@b22-mmr-11-02-0910]--[@b26-mmr-11-02-0910]); therefore, it was hypothesized that the anti-proliferative effect of MP may be due to induction of cyclin-dependent kinase inhibitors such as p21Cip1 or p57Kip2 ([@b27-mmr-11-02-0910],[@b28-mmr-11-02-0910]). Alternatively, MP may suppress c-myc or cyclins, which are capable of stimulating cell cycle progression ([@b19-mmr-11-02-0910]). In contrast to Tac, CsA and MP, MMF significantly inhibited mesangial cell growth by preventing cells from entering G~2~/M phase. This increased the percentage of cells in the S phase and decreased the percentage of cells in G~2~/M phase.

The present study suggested a theoretical basis for sequential therapy with various immunosuppressive agents to treat glomerular diseases featuring mesangial proliferation. Sequential therapy with various immunosuppressive agents may limit the complications associated with steroid treatment or dependency and potentially provide an alternative treatment for steroid-resistant disease. It was found that the combination of MP and MMF was more effective at inhibiting mesangial cell proliferation.

In conclusion, Tac, CsA, MP and MMF suppressed human mesangial cell proliferation by targeting different phases of the cell cycle. A sequential therapy based on these differences may potentially be used as a strategy to treat proliferative glomerular diseases. Further studies to assess the *in vivo* responses of human mesangial cells to sequential therapy in mesangioproliferative disease models are required.
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![Tac prevents progression of the cell cycle of HMCs from G~0~/G~1~ to S phase. (A) Quiescent HMCs were treated with 10% fetal calf serum in the absence or presence of Tac (1 and 5 μmol/l) and their proliferation was assessed via MTT assay at 24, 48 and 72 h (^\*^P\<0.05 vs. 0 μmol/l). (B--D) Cell cycle progression of HMCs in response to various concentrations of Tac was analyzed by flow cytometry 48 h following treatment. (E) Statistical analysis indicated that upon exposure to 1 and 5 μmol/l Tac for 48 h, the percentage of HMCs in the S phase and G~0~/G~1~ phase was significantly altered (^\*^P\<0.01 vs. 0 μmol/l). (F) HMCs were treated with Tac (1 and 5 μmol/l) for 48 h and the apoptotic rate was assessed by flow cytometry. All values are presented as the mean ± standard deviation values of three independent experiments. Tac, tacrolimus; HMC, human mesangial cell.](MMR-11-02-0910-g00){#f1-mmr-11-02-0910}

![CsA causes HMC growth arrest at the G~0~/G~1~ phase. (A) Quiescent HMCs were stimulated by 10% fetal calf serum with or without CsA (1 and 5 μmol/l) for 24, 48 and 72 h, and proliferation was examined by an MTT assay (^\*^P\<0.001 vs. 0 μmol/l ). (B--D) Representative flow cytometry results of HMC cycle analysis (control and CsA at 1 and 5 μmol/l for 48 h). (E) Statistical analysis results of B--D (^\*^P\<0.01 vs. 0 μmol/l). (F) HMCs were treated with CsA (1 and 5 μmol/l) for 48 h and apoptotic rates were measured by flow cytometry (^\*^P\<0.01 vs. 0 μmol/l). All values are presented as the mean ± standard deviation of three independent experiments. CsA, cyclosporine A; HMC, human mesangial cell.](MMR-11-02-0910-g01){#f2-mmr-11-02-0910}

![MP prevents HMCs from entering S phase. (A) Quiescent HMCs were treated with 10% fetal calf serum in the absence and presence of MP (1 and 10 mg/l) and subjected to an MTT assay (^\*^P\<0.05 vs. 0 mg/l). (B--D) At 48 h, the cell cycle progression was assessed by flow cytometry. (E) Statistical analysis of B--D (^\*^P\<0.05 vs. 0 μmol/l). (F) Statistical analysis of the apoptotic rate assessed by flow cytometry. At 10 mg/l for 48 h, MP significantly increased apoptosis in HMCs (^\*^P\<0.01 vs. 0 μmol/l). Values are expressed as the mean ± standard deviation of six independent experiments. MP, methylprednisolone; HMC, human mesangial cell.](MMR-11-02-0910-g02){#f3-mmr-11-02-0910}

![MMF blocks entry of HMCs into G~2~/M phase. (A) Quiescent HMCs were treated with MMF for 24, 48 or 72 h. The proliferative rate was assessed using an MTT assay (^\*^P\<0.01 vs. 0 μmol/l). (B--D) The cell cycle of HMCs was analyzed by flow cytometry following 48 h of treatment. (E) Statistical analysis of B--D (^\*^P\<0.01 vs. 0 μmol/l). (F) The apoptotic rate was measured by flow cytometry following 48 h of treatment. MMF significantly increased apoptosis in HMCs (^\*^P\<0.01 vs. 0 μmol/l). Values are expressed as the mean ± standard deviation of six independent experiments. MMF, mycophenolic acid; HMC, human mesangial cell.](MMR-11-02-0910-g03){#f4-mmr-11-02-0910}

![Different immunosuppressive agents target different phases of the cell cycle in HMCs. (A) Schematic displaying the actions of immunosuppressive agents on the cell cycle of HMCs. Calcineurin-inhibitors (Tac and CsA) and MP inhibit HMC proliferation by blocking cell entry into S phase, while MMF blocks cell cycle progression by limiting HMC entry into G~2~/M phase. (B and C) MMF (2.5 mM) and MP (1 mg/l) synergistically inhibited the proliferation of HMCs by interfering with the cell cycle at G~0~/G~1~ phase and S phase (^\*^P\<0.05 vs. MMF; ^\*\*^P\<0.01 vs. MP; ^\#^P\<0.01 vs. MMF or MP; values are presented as the mean ± standard deviation (n=3). HMC, human mesangial cell; Tac, tacrolimus; CsA, cyclosporine A; MMF, mycophenolic acid; MP, methylprednisone](MMR-11-02-0910-g04){#f5-mmr-11-02-0910}
